The mammalian heart is the first organ to form and is critical for embryonic survival and development. With an occurrence of 1%, congenital heart defects (CHDs) are also the most common birth defects in humans, and major cause of childhood morbidity and mortality (Hoffman and Kaplan in J Am Coll Cardiol 39(12):1890-1900 Samanek in Cardiol Young 10(3):179-185, 2000). Understanding how the heart forms will not only help to determine the etiology and to design diagnostic and therapeutic approaches for CHDs, but may also provide insight into regenerative medicine to repair injured adult hearts. Mammalian heart development requires precise orchestration of growth, differentiation, and morphogenesis to remodel a simple linear heart tube into an intricate, four-chambered heart with properly connected pulmonary artery and aorta, a structural basis for establishing the pulmonary and systemic circulation. Here we will review the recent advance in our understanding of how the planar cell polarity pathway, a highly conserved morphogenetic engine in vertebrates, regulates polarized morphogenetic processes to contribute to both the arterial and venous poles development of the heart.
Brief Overview of Early Mammalian Heart Development
The heart arises from cardiac progenitor cells situated along the anterior lateral plate mesoderm. In the mouse, they are among the earliest mesodermal progenitors to exit the primitive streak during gastrulation, and traverse anterior-laterally to reach their final position in the splanchnic mesoderm below the neural headfolds. By embryonic day (E) 7.5, they form the cardiac crescent, a "crescent shaped epithelium" located cranially and cranio-laterally at the ventral part of the embryo [1] .
Lineage studies showed that at this early stage, the cardiac progenitors are arranged into two juxtaposed cohorts, known as the first heart field (FHF) and the second heart field (SHF). Together, they generate most of the cardiac structures and cell types. The FHF and SHF originate from a contiguous population of mesodermal progenitors, but differ in the timing at which they contribute to the heart. The FHF reflects the first wave of mesodermal cells that undergo myocardial differentiation in the crescent, and coalesce at the midline to form a linear, beating heart tube by E8. 25 . This initial heart tube will eventually give rise to the left ventricle and a portion of the atria. Conversely, the SHF cells, positioned dorso-medially to the FHF, remain as rapidly proliferating progenitors in the pharyngeal and splanchnic mesoderm (SpM). The SHF cells undergo gradual differentiation, and then deploy to the heart tube to form the right ventricle and the outflow tract (OFT) at the arterial pole, and the atria and dorsal mesenchymal protrusion (DMP) at the venous pole [2] [3] [4] [5] [6] [7] [8] [9] . The two-heart field concept of cardiogenesis provides the crucial foundation for our current understanding of heart development.
The OFT is initially a single conduit linking the right ventricle and aortic sac, and is septated later to give rise to the aorta and pulmonary artery that connect with the left and right ventricles, respectively. From E8.5 to E9.5 in the mouse, the OFT undergoes rapid elongation, leading to rightward looping of the heart. As a result, the OFT also acquires a characteristic rightward curvature. Sufficient elongation of the OFT is critical for appropriate cardiac looping to re-position the OFT above the interventricular septum, between the left and the right ventricles. Subsequently, the OFT is invaded by cardiac neural crest (CNC) cells that arise from the dorsal neural tube, and migrate through the pharyngeal arches to reach the OFT. The CNC cells, along with the endocardium in the OFT, form the OFT cushion that spirals around to give rise to the aorticopulmonary septum (APS). The formation of the APS converts the single OFT vessel into the ascending aorta and pulmonary artery. The proper alignment of the OFT with the ventricles at early stage is important to ensure that upon septation, the aorta and pulmonary artery can be connected properly with the left and right ventricles to establish systemic and pulmonary circulatory systems, respectively.
Given the complexity of the morphogenetic processes involved in OFT formation, it is not surprising that conotruncal anomalies are the most common CHDs in humans. OFT defects can manifest in various forms. Mis-alignment of the OFT can lead to double-outlet right ventricle (DORV), overriding aorta or transposition of the great arteries, whereas OFT septation defect can cause persistent truncus arteriosus (PTA)/common arterial trunk (CAT). Identifying the developmental mechanisms of OFT formation in model organisms is the critical first step to define the etiology and to develop early detection, prevention, and therapies for these common, devastating CHD in humans.
Planar Cell Polarity Signaling: A Conserved Morphogenetic Engine in Vertebrates
Planar cell polarity (PCP) refers to the cellular polarity on the plane of epithelium, perpendicular to the apico-basal polarity of the cell [10] [11] [12] [13] [14] . First discovered in Drosophila, PCP can manifest in various forms in different tissues, such as uniformly oriented trichomes on the fly wing and bristles on the abdomen, and coordinated rotation and chirality of the ommatidia in the fly eye. In mammals, PCP can also be observed as coordinated orientation of nodal cilia in the node, stereocilia in the inner ear, and hair follicles on the skin [15] [16] [17] [18] [19] .
Genetic studies in flies have identified a group of six core proteins that are required for proper PCP establishment in all tissues. These include Dishevelled (Dsh/Dvl), Frizzled (Fz), Flamingo (Fmi), Diego (Dgo), Van Gogh (Vang), and Prickle (Pk). Dsh and Fz are also well-known members of the canonical Wnt pathway, where binding of the secreted ligand Wnt to the Fz receptor and co-receptors Arrow/ Lrp5/6 triggers Dsh to stabilize the β-catenin protein to regulate gene transcription [20] [21] [22] [23] . However, in the PCP pathway, Dsh and Fz interact with PCP-specific core proteins, and act in a β-catenin independent manner to coordinate cell polarity (Fig. 1 ). As such, the PCP pathway has also been referred to as a branch of the β-catenin independent noncanonical Wnt signaling pathway.
Later studies in Xenopus and zebrafish indicate that the PCP pathway also regulates a polarized tissue morphogenesis process known as convergent extension (CE) [24] [25] [26] [27] . CE was first described in gastrulating Xenopus embryos as simultaneous lengthening of the antero-posterior (A-P) axis and narrowing of the medio-lateral (M-L) axis of the mesodermal tissues. Further studies in Xenopus explants indicated that the force for CE is generated through medio-laterally oriented cell intercalation [14, 26] . More recent studies in zebrafish revealed that CE can also occur through directional migration and oriented cell division [24, 25, 28] . Interestingly, vertebrate orthologs of the fly core PCP genes are all required for CE, suggesting that a common ancestral mechanism may be evolved to coordinate both cell polarity among static epithelial cells and dynamic, polarized cell behavior in mesodermal cells undergoing CE [11, 14, 25, 26, [29] [30] [31] [32] . In mice, disruption of PCP signaling can abolish various CElike morphogenesis processes in the neural plate, limb buds, cochlea tube, stomach, and intestine [16, [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] .
There are, however, apparent distinctions of PCP signaling in epithelial PCP versus CE. During CE, PCP signaling acts through an effector Daam1 (Dishevelled-associated activator of morphogenesis 1) [47, 48] and small GTPases Rho/Rac/Cdc42 to modulate cytoskeletal organization and dynamics [49, 50] . In epithelial PCP, however, Daam1 is clearly not required [51] . Therefore, it appears that the distinct output of PCP signaling in these two processes may involve different downstream effectors. Secondly, PCP signaling activation during CE requires non-canonical Wnts, such as Wnt5a and Wnt11, in frogs and zebrafish [24, 52, 53] , but there are conflicting evidences regarding the requirement of Wnt ligands for epithelial PCP [54, 55] . Fig. 1 The canonical Wnt and the PCP pathway. Dishevelled (Dsh/ Dvl) and Frizzled (Fz) and important components of both the canonical Wnt and the PCP pathway. In the Wnt pathway, binding of Wnt to Fz and its co-receptors Arrow/Lrp5/6 promotes Dsh/Dvl to stabilize β-catenin, which then enters the nucleus to regulate gene transcription. In the PCP pathway, however, Dsh/Dvl and Fz interact with PCP-specific core proteins, such as Van Gogh (Vang), and act in a β-catenin independent manner to coordinate cell polarity or regulate directional cell behavior during convergent extension (CE) tissue morphogenesis
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Finally, a hallmark of epithelial PCP is asymmetric plasma membrane localization of core PCP proteins. This has led to a feedback competition model to explain how intracellular antagonism between Vang/Pk and Fz/Dsh, coupled with intercellular interaction between Vang and Fz, results in segregation of Vang/Pk and Fz/Dsh complexes on opposing cell cortices to coordinate and propagate cell polarity in epithelium [54, [56] [57] [58] . During CE, however, asymmetric distribution of PCP proteins has not been consistently observed [30] . And while Vang is thought to antagonize Fz/ Dsh in epithelial PCP, prior genetic studies suggested that its vertebrate ortholog Vangl2 (Vang like 2) interacts in a synergistic manner with Wnt5a/Fz/Dvl during CE [35, 38, 43, 59] .
Using mouse genetics and Xenopus models, Seo et al. have recently re-investigate the mode of functional interaction between Vangl2 and Dvl, and found that Vangl2 exerts dual positive and negative regulation on Dvl during CE [60] . Biochemical and imaging studies showed that Vangl2 binds to Dvl to cell-autonomously promote efficient Dvl plasma membrane recruitment, which is required for PCP activation. Simultaneously, Vangl2 inhibits Dvl from interacting with its downstream effector Daam1, and functionally suppresses Dvl→Daam1 cascade during CE. Based on these findings, a novel model was proposed to explain how direct interaction between Vangl2 and Dvl may act as a key bifunctional switch that underlies the central logic of PCP. In this parsimonious model, interaction with Vangl2 recruits Dvl to the plasma membrane but maintains Dvl in an inactive state. At the same time, Vangl2 also helps to spatially enrich and poise Dvl at the plasma membrane for efficient activation, likely by Fz upon the presence of non-canonical Wnt ligands. In support of this model, Wnt11 is able to release Dvl binding with Vangl2 [60] . Future studies on how other PCP components may modulate Vangl2-Dvl interaction affinity and dynamics will help to establish a conceptual framework for the molecular mechanism of PCP signaling during CE.
PCP Signaling in Mammalian OFT Development
Prior mouse genetic studies have revealed that the PCP pathway is critical for OFT formation in mammals. Loss of the presumptive PCP ligands Wnt5a and Wnt11 results in OFT malformation primarily in the form of PTA [61] , and DORV or TGA [62, 63] , respectively. Similarly, mutations of core PCP genes, including Fz1, 2, 7; Dvl1, 2, 3; and Vangl2 cause various OFT defects ranging from DORV, TGA to PTA [35, 59, [64] [65] [66] [67] .
We and others have been using the mouse Dvl mutants to understand how PCP signaling may contribute to mammalian OFT development. Of the 3 Dvl orthologs in mammals, loss of Dvl1 does not cause any heart defect, while loss of Dvl2 and Dvl3 cause OFT defects with ~ 50 and 100% penetrance, respectively [35, 64] . In Dvl1 −/− ; Dvl2 −/− double mutants, the penetrance of OFT defects is increased to 100% [64, 65] . Conversely, over-expressing Dvl1 or Dvl2 using BAC (bacterial artificial chromosome) transgenes in Dvl3 −/− mutant was able to rescue the OFT defects [35] . Therefore, it appears that for OFT formation, the three Dvl genes function largely in a redundant fashion, and that a threshold level of Dvl proteins is required. The different penetrance of OFT defects in each Dvl single mutant may be due to different expression level/pattern of each Dvl gene during OFT formation.
Given that Dsh/Dvl can function in both the canonical Wnt and the PCP pathways, a structure-function analysis was performed to determine which pathway disruption contributes to the fully penetrant OFT defects in Dvl1 −/− ; Dvl2 −/− double mutant. It is known that the N-terminal DIX domain of Dvl is required only for Wnt, whereas the C-terminal Dishevelled, Egl-10, and Pleckstrin (DEP) domain is required only for PCP signaling [29, 68, 69] . Furthermore, a point mutation identified in flies, known as dsh1, results in a K to M substitution at aa446 in the DEP domain and specifically abolishes PCP signaling but leaves Wnt signaling intact [70, 71] . By testing deletion mutants of these two domains and the dsh1 mutant, the OFT defects in Dvl1 −/− ; Dvl2 −/− double mutant were found to arise solely from disruption of the PCP, but not the canonical Wnt, pathway [65] .
Since both the CNC and SHF lineages contribute to OFT formation, tissue-specific gene ablation was performed using a conditional Dvl2 BAC transgene, together with CNCspecific Wnt1-Cre and SHF-specific Islet1 (Isl1)-Cre. The results clearly indicated that Dvl1/2-mediated PCP activity is critically required only in the SHF, but not the CNC, for proper OFT formation. This finding is consistent with a more recent study by Ramsbottom et al., showing that core PCP gene Vangl2 is also required only in the SHF, but not the CNC, lineage for OFT formation [72] . Finally, given that canonical Wnt signaling is also required in the SHF for OFT development [73] [74] [75] [76] , these results imply that in Dvl1 −/− ; Dvl2 −/− mutants, the remaining Dvl3 is sufficient to mediate canonical Wnt but not PCP signaling in the SHF.
Requirement of PCP Signaling for OFT Lengthening and Cardiac Looping
A number of studies have now attributed the OFT malformation in PCP mutants to an early OFT lengthening defects that results in aberrant cardiac looping and OFT alignment. As described above, the OFT undergoes rapid lengthening from E8.5 to E9.5 in the mouse, resulting in a rightward looping of the heart and alignment of the OFT above the midline of the right and left ventricles. This alignment ensures that upon OFT septation, the aorta can be connected properly to the left ventricle. In Dvl1/2, Vangl2, Wnt5a, and Wnt11 mutants, OFT shortening and aberrant cardiac looping were observed by E9.5, and by E11.5, the OFT is found to be aligned with only the right ventricle [63, 65, 67, 72, 77] . This alignment defect will affect OFT remodeling and cause a spectrum of anomalies such as DORV, TGA, and overriding aorta in the PCP mutants. Consistent with the genetic evidence that PCP signaling is required in the SHF for OFT formation, conditional deletion of Dvl, Vangl2, and Wnt11 in the SHF is sufficient to cause OFT shortening, cardiac looping, and OFT alignment defects [63, 65, 72] .
Current Models for PCP Signaling in OFT Lengthening
Currently, there are two models to explain how the OFT shortening defects arise in PCP mutants. It is known that the myocardium in the early heart tube undergoes a temporary proliferation arrest, and that elongation of the OFT is driven largely by addition of cells from the SHF [5, 78] . Both models agree on that OFT shortening in PCP mutants originates from aberrant addition of SHF cells to the OFT, but differ in the specific location where the defect occurs and the cell behavior that causes the defect.
The first model, known as the "pushing force" model, argues that Wnt5a activates PCP signaling to promote CElike oriented cell intercalation in the caudal SpM region of the SHF to generate a morphogenetic force that "push" SHF cell rostrally into the OFT (Fig. 2a, b) . This model is based on studies of Dvl1/2 and Wnt5a, in which Wnt5a mRNA and protein are found only in SHF cells in the caudal SpM surrounding the inflow tract, but devoid from the rostral SpM and the adjacent distal OFT [65, 77, 79] . Also, Dvl2 is expressed at much higher level in the SpM than in the OFT [65] . In wild-type E9.5 mouse embryos, SHF cells are largely organized into a pseudo-stratified epithelium in the rostral SpM, contiguous with the OFT myocardium. In the caudal SpM, however, a large number of loosely packed mesenchymal-like SHF cells are found behind the epitheliallike sheet. Immunostaining revealed that ZO1, a tight junction protein, is localized specifically at the apical cell-cell junction in SpM-SHF cells that have organized into an epithelial sheet. In the loosely packed mesenchymal-like SHF cells in the caudal SpM, however, ZO1 expression is not found [65, 72, 77, 80, 81] . These data suggest that SHF cells may undergo a mesenchymal-to-epithelial transition (MET) at the caudal SpM and subsequently up-regulate ZO1 expression, and are deployed to the OFT as an epithelial sheet.
Interestingly, in Dvl1/2 and Wnt5a null mutants, the mesenchymal-like SHF cells in the caudal SpM are aggregated into aberrant compact cluster. They lose the highly protrusive morphology normally observed in the wild type, and display diminished actin polymerization. Moreover, whereas wild-type SHF cells are preferentially oriented along the dorso-ventral axis, perpendicular to the epithelial sheet, Wnt5a mutant cells display more random orientation [77] . Taken together, the data suggest that a Wnt5a→Dvl PCP signaling cascade may regulate cytoskeletal dynamics, cell polarity, and protrusive cell Fig. 2 Current models on PCP signaling in OFT morphogenesis. a The "pushing force" model argues that Wnt5a activates Dvl-mediated PCP signaling to promote CE-like oriented cell intercalation in the caudal SpM region of the SHF to generate a morphogenetic force that "push" SHF cell rostrally into the OFT. b Disruption of this morphogenetic force in Wnt5a and Dvl1/2 mutants reduced SHF cell deployment, leading to OFT shortening and subsequent morphogenesis defects. c The "transition zone polarization" model argues that PCP signaling maintains proper epithelial polarization and organization in SHF-derived cells prior to their terminal differentiation into myocardium at the distal region of the OFT. Disruption of Vangl2 perturbs polarization and epithelial organization of cells in the transition zone. These defects in turn cause OFT thickening at the expense of lengthening, and consequently, OFT shortening and mis-alignment with the ventricles behavior to promote CE-like oriented cell intercalation that drive MET in the caudal SpM. The MET process continuously incorporates loosely pack mesenchymal-like SHF cells into an epithelial-like sheet, providing the morphogenetic "pushing force" to deploy SHF cells rostrally into the OFT [65, 77] .
The second model argues that PCP signaling functions in a "transition zone" to maintain proper epithelial polarization and organization in SHF-derived cells prior to their terminal differentiation into myocardium. The transition zone is proposed to be located at the distal OFT, containing SHF cells that have just entered the OFT and are differentiating to cardiomyocytes, based on their expression of myocardial markers, but also still express the progenitor marker Isl1. This "transition zone polarization" model is based on thorough studies on tissue-specific gene ablation showing that the core PCP gene Vangl2 is not required in either differentiated myocardial cells or endocardial cells in the OFT, but rather is required in SHF cells prior to or during myocardial differentiation [72] . This study also found that plasma membrane localization of Vangl2, which is thought to be important for its function, is only found in Isl1-positive SHF progenitors in the distal OFT and the SpM. In the proximal OFT cells that have undergone further myocardial differentiation and lost Isl1 expression, Vangl2 localization becomes cytoplasmic [72] .
Analyses of Vangl2 mutants showed that cells in the distal OFT/transition zone are abnormally polarized, and their normal epithelial organization also appears to be affected. These defects are proposed to cause OFT thickening at the expense of lengthening, and consequently, a shortened OFT [72] .
There are a number of reasons that may account for the differences between the two models. First, the "pushing force model" is based on analyses of Dvl1/2 and Wnt5a mutants, while the "transition zone" model is based on Vangl2 mutant. As we explained above on the mechanism of PCP signaling, Vangl2 may exert dual positive and negative regulation on PCP during CE [60] . Therefore, loss of Vangl2 may cause mis-regulation of PCP signaling rather than solely loss of PCP signaling as in Dvl and Wnt5a mutants. Secondly, due to genetic redundancy in the mouse, none of the mutants analyzed is likely to completely disrupt PCP signaling. PCP signaling may have multiple roles in SHF cells as postulated in the two models, but each mutant may preferentially display only one of the defects described in the two studies [65, 72] . Finally, the "pushing force" model is based mainly on studies of the sub-population of SpM-derived SHF cells that give rise to only the inferior wall of the OFT [77, 82] , whereas the "transition zone" model is based also on analyses of the superior-lateral wall of the OFT, which may arise from a distinct sub-population of SHF cells located in the pharyngeal arch mesoderm. PCP signaling may act differently in these two sub-populations of SHF cells.
Evidence for SHF Cell Deployment Defects in PCP Mutants
Both mouse genetic and chick experimental manipulation approaches have been taken to prove that PCP signaling indeed plays a crucial role in proper deployment of SHF cells to promote OFT morphogenesis. For the former approach, two SHF-specific enhancer trap transgenes were used to monitor SHF cell deployment in the mouse Wnt5a mutants. The first transgene, known as Mlc1v, harbors a nuclear LacZ inserted in the Fgf10 locus, and is expressed strongly in SHF progenitors in the SpM at E8.5-9.5 [5, 77, 83] . Subsequently at E10.5, after SHF deployment to the OFT, Mlc1v expression is found in the OFT but largely absent from the SpM-SHF. In Wnt5a null mutants, however, significant more Mlc1v expression is maintained in the SpM-SHF at E10.5, suggestive of aberrant retention of SHF progenitors in the SpM.
On the other hand, a second transgene, known as y96-16, marks specifically the SpM-SHF cells that have entered the OFT and contributed to the inferior OFT myocardium and its derivative, the sub-pulmonary myocardium [77, 82] . In Wnt5a null mutants, significant reduction of y96-16-positive cells occurred in the OFT from E9.5 onwards, consistent with reduced SHF cell deployment from the SpM. These results also imply that the PTA/CAT defects in Wnt5a null mutants may originate from pulmonary atresia, in which the subpulmonary myocardium is diminished due to the deployment defect [77] . A similar loss of sub-pulmonary myocardium was also proposed to explain the PTA phenotype in mouse mutant of Tbx1, a putative up-stream transcription regulator of Wnt5a [82, 84, 85] .
As the above mouse studies inferred SHF cell deployment based on transgene expression, a complementary approach was also taken to directly label SHF cells using DiI and track their behavior in cultured chick embryo. Interestingly, like the mouse, chick embryos also display highly restricted Wnt5a expression in the caudal SpM [61] . When chick embryos at HH14 were injected with DiI to label the caudal SpM-SHF cells and cultured for 45 h to HH21, the labeled cells were found in the inferior OFT myocardium. However, when a function-blocking anti-Wnt5a antibody was co-injected with DiI, the majority of the labeled cells were trapped in the SpM and very few were able to reach the inferior OFT. Together, these data strongly support a crucial role of Wnt5a-initiated signaling in deploying SHF cells from the SpM to the OFT to form specifically the sub-pulmonary myocardium [77] .
Lineage Tracing and 3D Reconstruction Reveal PCP-Mediated Polarized Morphogenesis in the SpM-SHF

Mef2c-Cre Lineage Tracing
While the above studies may provide additional indirect evidence for the "pushing force" model, we wished to test the model more directly by examining morphogenesis of the SHF lineage per se, prior to their deployment into the OFT. To this end, we first used Mef2c-Cre [6] and Cre reporter Rosa26 td−Tomato [86] to permanently label SHF cells genetically. The labeled embryos were serially sectioned and stained with myocardial markers to differentiate SHF progenitors from their descendants in the heart. Segmentation and volume rendering were then performed with Amira to generate 3D reconstruction models for the SHF and various structures in the heart (Li and Wang, unpublished).
These analyses revealed that the SpM-SHF first extends rostrally from E9.0 to 10.0, forming a small triangular shaped protrusion behind the OFT and the aortic sac. Subsequently from E10.0 to 11.5, it also protrudes caudally into the atria to form the dorsal mesenchymal protrusion (DMP). Together with the atrioventricular cushions (AVCs) and the primary atrial septum (PAS), the DMP will form the septal complex in the common atrium [9, 87, 88] . In Wnt5a null mutants, however, the SpM-SHF displays reduced lengthening and fails to extend rostrally to form the triangular structure behind OFT by E10.0 or caudally into the atria to form the DMP by E11.5.
Morphometric analyses further revealed that SpM-SHF morphogenesis normally occurs in a highly polarized fashion in wild-type embryos. As the SpM-SHF grows, its length increases much more significantly than its width and thickness. Consequently, from E10.5-11.5, the lengthto-width ratio (LWR) is increased by two folds and the length-to-thickness ratio (LTR) is increased by 22% in wild-type SpM-SHF. In Wnt5a −/− mutants, however, the SpM-SHF becomes significantly widened and thickened, and the LWR fails to show any increase while the LTR is decreased by 21% from E10.5-11.5.
In contrast to the significant change in the morphology of the SpM-SHF in Wnt5a −/− mutants, its total volume remains similar to that in the wild type, consistent with the fact that there is no cell proliferation or apoptosis defects in Wnt5a −/− mutant SHF [65, 79] . Collectively, these data provide the first evidence that the SpM-SHF normally grows through concomitant lengthening and narrowing, reminiscent of CE. Loss of the putative PCP ligand Wnt5a disrupts the polarized, CE-like morphogenesis, causing the SpM-SHF to instead grow in an isotropic fashion.
The failure of the SpM-SHF to extend efficiently along the AP axis in Wnt5a −/− mutant may cause not only OFT malformation at the arterial pole, but also atrial septation defect at the venous pole. By E13.5, Mef2cCre-labeled DMP can be observed to fuse with the PAS and AVCs to fully septate the common atrium in wild-type embryos. In Wnt5a −/− mutants, however, a shortened DMP fails to fuse with the PAS and AVCs, causing atrioventricular septal defects (AVCD). Together, these data suggest that Wnt5a-initiated PCP signaling may regulate polarized morphogenesis of the SpM-SHF to generate a bi-directional pushing force to deploy SHF cells to both the arterial and venous pole of the heart for OFT and atrial septation, respectively (Fig. 3) .
Wnt5a-CreER Lineage Tracing
Wnt5a may act both cell-autonomously and cell-non-autonomously to impact SHF morphogenesis and OFT formation. To more definitively examine the effect from cell-autonomous mode of action, a tamoxifen-inducible Wnt5a-CreER mouse line has been generated to specifically label and monitor the morphogenesis of Wnt5a-expressing cells and their descendants (Li and Wang, unpublished) . Tamoxifen injection at E7.5 revealed that Wnt5a-expressing cells are located initially at the caudal SpM. Their descendants, however, gradually move anteriorly to enter the OFT from E10.0 onwards, and contribute only to the pulmonary trunk smooth muscle cells, but not the sub-pulmonary myocardium nor aorta. At the venous pole, Wnt5a-CreER labeled cells start to extend caudally into the atria from E10.5 to form the DMP. Fig. 3 An updated model for SHF cell deployment. At the caudal SpM, Wnt5a-initiated PCP signaling may regulate both cell cohesion and oriented cell intercalation to promote polarized morphogenesis of the SpM-SHF, thereby generating a bi-directional pushing force to deploy SHF cells to both the arterial and venous pole of the heart for OFT and DMP formation, respectively. In the rostral SpM, loss of Wnt5a expression will allow cell cohesion to increase when SHF cells approach the OFT and undergo myocardial differentiation. This spatially regulated cell cohesion may in turn create a directional "pulling force," which acts together with the caudally generated pushing force to more efficiently deploy SHF cells rostrally into the OFT In Wnt5a −/− mutant, very few Wnt5a-CreER labeled cells are able to enter or contribute to any structure of the OFT. This finding led to a new interpretation of the PTA/CAT defect in Wnt5a null mutant: the lack of Wnt5a-lineage, which contributes specifically to the pulmonary trunk, may result in an OFT vessel that is consisted of cells solely fated for the aorta and lacks the potential to form the pulmonary artery. This interpretation is consistent with the idea that the superior and inferior OFT wall are pre-specified in, and originated from, different pools of SHF cells, and that OFT septation may require the presence or juxtaposition of both sub-populations within the OFT [82, [89] [90] [91] . These results additionally indicate that Wnt5-expressing cells do not contribute to the sub-pulmonary myocardium directly, but Wnt5 may act cell-non-autonomously to push the progenitors of the sub-pulmonary myocardium into the OFT. The diminished sub-pulmonary myocardium in Wnt5a null mutant may arise from disruption of this cell-non-autonomous effect.
Genetic Evidence that Wnt5a Signals Through the PCP Pathway
While Wnt5a clearly acts as a PCP ligand for morphogenesis in zebrafish and Xenopus [52, 92] , its function in mammals was controversial in the literature. Through phenotypic analyses and genetic interaction studies with known core PCP genes in mice, several publications have concluded that mammalian Wnt5a also function through the PCP pathway during neural tube closure, and cochlea and limb morphogenesis [43, 45, 46, 93] . Other studies, however, argued that mammalian Wnt5a acts through other mechanisms, such as antagonizing or restraining canonical Wnt signaling, or activating calcium signaling [61, [94] [95] [96] [97] .
Using an epistasis approach, we tested more definitively whether Wnt5a signals through the PCP pathway to regulate SpM-SHF morphogenesis and OFT formation. As mentioned above, Daam1, a formin protein with potent actin polymerizing and bundling activities [98] , was identified as a PCP effector downstream of Dvl in Xenopus [47, 48] . The current model proposes that Daam1 exists in an autoinhibited form, due to intra-molecular bond between its N-terminal GTPase binding domain (GBD) and C-terminal diaphanous auto-regulatory domain (DAD) domains. PCP activation by non-canonical Wnt enables Dvl to bind to the DAD domain, disrupt the auto-inhibitory bond, and activate Daam1 [48, 99] . ΔDAD, a Daam1 mutant lacking the DAD domain, is unable to form the auto-inhibitory bond and functions in a constitutively active fashion [48] .
We therefore created a conditional-activating Rosa26-ΔDAD BAC transgene to study whether expressing ΔDAD in the SHF may rescue the defects in Wnt5a −/− mutants (Li and Wang, unpublished) . When ΔDAD expression is activated in the SHF with Mef2c-Cre [6] , it is able to restore SpM lengthening in Wnt5a −/− mutant at E10.5, and partially rescue the OFT septation defect at E18.5. These epistasis experiments indicate that endogenous Wnt5a functions, at least in part, through PCP effector Daam1 to regulate SHF morphogenesis and OFT formation.
A Pulling Force for Rostral Deployment of SpM-SHF Cells into the OFT
The above ΔDAD rescue experiment also indicates that constitutively activating Daam1 throughout the entire SHF is sufficient to rescue the SpM-SHF morphogenesis defects in Wnt5a −/− mutants, implying that PCP signaling acts in a permissive rather than instructive fashion. This idea is also supported by prior studies, in which broadly expressing Wnt5a in the entire SHF using a Rosa26
Wnt5aGOF allele (Wnt5a GOF) is able to rescue cell polarity, actin polymerization, and SpM shortening defects in Wnt5a −/− mutants [79] . There are, however, important differences between ΔDAD and Wnt5a over-expression. In Wnt5a −/− background, ΔDAD over-expression throughout the SHF can rescue both SpM/DMP shortening and OFT septation defects, whereas Wnt5a over-expression rescues only SpM/ DMP shortening but not the OFT defects. In wild-type embryos, ΔDAD over-expression has no deleterious effect, whereas Wnt5a over-expression causes OFT shortening and conotruncal defects [79] . Therefore, it appears while Wnt5a acts primarily through Daam1 to regulate SpM-SHF morphogenesis and DMP extension at the venous pole, it may signal through other effectors besides Daam1 to impact OFT formation.
Detailed analyses revealed that Wnt5a GOF results in ectopic Wnt5a expression in the rostral SpM and the adjacent distal OFT myocardium, which normally lack endogenous Wnt5a expression. This ectopic expression does not alter proliferation, differentiation or apoptosis in the SHF or OFT, but instead blocks SHF cells from entering the OFT, causing them to be trapped and form an aberrant bulge at the junction between the SpM and the OFT [79] .
Further immunostaining demonstrated a reverse correlation between Wnt5a expression and the level of cell cohesion. In wild-type embryos, the cell surface level of N-cadherin and α-catenin is low in the caudal SpM where Wnt5a is highly expressed, but is elevated in the rostral SpM and distal OFT where Wnt5a expression is diminished. In Wnt5a GOF mutants, ectopic Wnt5a expression blocks the normal up-regulation of adherens junction in the rostral SpM. Conversely, in Wnt5a −/− mutants loss of Wnt5a expression causes aberrant, premature increase of adherens junction level in the caudal SpM. Furthermore, over-expression of mouse Wnt5a in Xenopus is able to reduce C-cadherin level on the plasma membrane without affecting its total protein level, suggesting that Wnt5a may have an evolutionarily conserved function in modulating cadherin-mediated cell cohesion during tissue morphogenesis.
Together, these data indicate that restricting Wnt5a expression to the caudal SpM-SHF is critically important for OFT formation. This could be due to at least two reasons. Firstly, by suppressing cell cohesion, Wnt5a may increase the dynamics of cell motility at the caudal SpM, thereby facilitating oriented cell interaction induced by its other downstream effectors like Daam1. This idea is consistent with the previously reported aberrant aggregation of SHF cells in the caudal SpM of Wnt5a and Dvl1/2 mutants [65] . Secondly, caudally restricted Wnt5a expression will also allow cell cohesion to increase rostrally when SHF cells approach the OFT and undergo myocardial differentiation. This spatially regulated cell cohesion may in turn create a directional "pulling force," which acts together with the "pushing force" discussed above, to more efficiently deploy SHF cells rostrally into the OFT (Fig. 3) . In Wnt5a GOF mutants, this "pulling force" may be disrupted due to ectopic Wnt5a expression that inhibits the normal up-regulation of cell cohesion in the rostral SpM/ distal OFT, thereby leading to reduced SHF cell deployment and OFT shortening [79] . These findings, along with a number of previous studies [100] [101] [102] [103] [104] [105] , uncover important and novel roles of cell-cell adhesion in mammalian heart formation, and warrant future investigation to elucidate its role in development and regeneration.
Conclusion Remarks
Prior genetic studies have revealed that PCP, an evolutionally conserved morphogenetic engine, plays critical roles in mammalian OFT formation. Detailed investigations over the last few years have led to distinct models to explain how PCP signaling may exert its morphogenetic effect, either within the SHF or in the adjacent transitional zone in the OFT. Despite their differences, these studies all implicate a key function of PCP signaling in facilitating efficient addition of SHF cells to the forming heart tube, and provide a solid foundation for more in-depth studies to further dissect temporal and spatial specific roles of PCP in mammalian heart development. Finally, the putative PCP ligand Wnt5a was identified as a transcriptional target of Tbx1, whose haplo-insufficient deletion leads to the highly increased rate of OFT malformation in humans with 22q11.2 deletion syndrome [85, [106] [107] [108] [109] . Determining how PCP signaling contributes to the Tbx1 network, and how PCP gene variants may impact the variable presentation of OFT malformations in 22q11.2DS, may help translate our insight from mouse studies into understanding of the pathogenic mechanisms of CHDs in humans in the future.
